Several studies have shown an association between schizophrenia and the C allele of a T-C polymorphism at nucleotide 102 and the 5HT2A receptor gene. In the present study we observed this association in a sample of 63 parent/offspring trios where the proband received a diagnosis of DSM-III-R schizophrenia using TDT analysis ( 2 = 6.26, P = 0.006, 2 = 9.00, P = 0.001 when one affected offspring was selected at random from each family, suggesting that the results are due to association rather than linkage). There was no significant difference between the transmission of C102 from heterozygous fathers and mothers, which fails to support a role for genomic imprinting in this effect. T102C does not result in an alteration of the amino acid sequence of the protein. We therefore screened the promoter of 5HT2A for polymorphisms using single-strand confirmation polymorphism analysis. An A-G polymorphism at −1438 that creates an HpaII restriction site was identified. This was found to be in complete linkage disequilibrium with T102C and is hence a candidate for the pathogenic variant in schizophrenia. Functional analysis of A-1438G using luciferase assay demonstrated significant basal promoter activity in 5HT2A expressing HeLa cells by both the A and G variants. However, comparison of the A and G variants showed no significant differences in basal activity nor when promoter activity was induced by cAMP and protein kinase C-dependent mechanisms.
Introduction
genetic associations can lead to both false positive and false negative findings if there is population stratifiSeveral studies have shown an association between cation. Although attempts were made in most of the schizophrenia and allele 2 (C) of a T-C polymorphism previous studies to match for ethnicity, it is still possat nucleotide 102 in the 5HT2A receptor gene. [1] [2] [3] ible that stratification effects occurred. Family-based Although the odds ratios are small (1.7 for possession association designs overcome problems of stratifiof one or more copies of allele 2 2 ), the attributable fraccation. 11 Accordingly, we obtained DNA from parents tion is relatively high (0.35), because allele 2 is comof our original sample where available 2 and from mon in the general population. This association is additional parent/affected-offspring trios. In addition, therefore potentially of considerable therapeutic this approach has also allowed us to test for parentimportance. Some studies have failed to replicate these of-origin effects, a possibility highlighted by a recent findings, but they have all been small and lack of demonstration of genomic inprinting at this locus.
12 power 4-9 is one explanation for their failure to demonThe T102C polymorphism does not result in alterstrate a significant association. Indeed the results of a ation of the amino-acid sequence of the protein. It is recent meta-analysis including all published studies therefore likely that this polymorphism is not itself support the presence of an association between schizoinvolved in the aetiology of schizophrenia but is in phrenia and allele 2 (P = 0.0009) and show no evidence linkage disequilibrium with the true pathogenic variof publication bias. 10 ant lying either within the 5HT2A receptor gene itself, It is known that the case control method for testing or, less plausibly, within an adjacent gene. A systematic mutation screen of the whole coding sequence of the 5HT2A gene detected two coding mutations lation that showed association with T102C. We there-within the 5HT2A promoter region. Accordingly, in the formamide/dye mix (6:1), denatured at 95°C for 3 min and rapidly cooled on wet ice. Samples were loaded present study we set out to screen the promoter for polymorphisms using singe-strand conformation onto 10% non-denaturing polyacrylamide gels (20 cm × 20 cm) and run overnight at a constant 70 V. Duplianalysis (SSCP).
cate samples were run at both room temperature and at 4°C. Following electrophoresis, the gels were silver Materials and methods stained by soaking in 10% ethanol for 5 min, 1% nitric acid for 3 min and silver nitrate solution (1 g AgNO 3 Subjects All patients underwent a standard diagnostic interview in 500 ml of 0.001% formaldehyde) for 20 min. The gels were then washed three times in H 2 O and then with the Schedules for Clinical Assessment in Neuropsychiatry (SCAN). 13 Diagnoses were based on all immersed in sodium carbonate solution (7 g Na 2 CO 3 in 500 ml of 0.0005% formaldehyde) and agitated until available clinical information and were achieved using the OPCRIT system.
14 All affecteds received diagnoses the bands started to appear. The developed gels were fixed in 5% acetic acid and photo-documented. A total of either DSM-III-R schizophrenia or schizoaffective disorder depressed type.
of 72 patient samples were screened for polymorphisms for each primer set. The detection of mobility shifts was then followed up by sequencing the PCR (1) Family based association sample This sample consisted of 63 parent/offspring trios and consisted of products using fluorescent dye terminators on an ABI 373 DNA sequencing machine. four families with one affected individual (four trios), 25 families with two affected siblings (making 50 trios) and three families with three affected siblings (nine Genotyping of T102C This followed the protocol originally described by trios). The patients consisted of 20 females and 43 males (average age 35 ± 9 yrs). Sixty-five had a diagWarren et al. 17 A 342-bp fragment corresponding to nucleotides −24 to 318 of the 5HT2A receptor gene was nosis of schizophrenia and three a diagnosis of schizoaffective disorder depressed type. The ethnic amplified using primers 5′ TCTGCTACAAGTTC-TGGCTT 3′ and 5′ CTGCAGCTTTTTCTCTAGGG 3′. details of the 32 family units were: 18 from Wales, 14 from the rest of UK/Eire.
The 342-bp product was digested with HpaII. the undigested product identified allele 1 (nucleotide sequence TCT) and the digested products of 216 bp and 126 bp (2) Case-control samples One hundred and fifteen unrelated patients with DSM-III-R schizophrenia (78 identified allele 2 (nucleotide sequence TCC). male and 37 female, average age 46 ± 12 years) were studied. These included one affected member chosen Promoter-reporter gene fusion constructs Oligonucleotide primers corresponding to the nucleoat random prior to genotyping from each of six families containing several affected members and 63 sibships tide positions −1519 to −1497 (2a1, 5′-CCTAGCCACCCTGAGCCTATGTG) and from −1113 to containing two or more affected siblings. The remaining 46 subjects were recruited from local inpatient and −1092 (2a2, 5′GGAAGAGCTGTCTGCACCAAGG) of the 5-HT2A receptor gene 5′-flanking core regulatory day hospital facilities. There is an overlap between the TDT and the patient sample with 20 affected subjects region (including putative transcription start sites 1-3) were used to generate a 427-bp fragment [−1522 to common to both. The availability of both parents for genotyping was the sole criterion for inclusion in the −1092, according to the annotated sequence reported by Zhu et al 16 from genomic DNA of individuals homo-TDT sample, and all such patients were included. One hundred and fifteen control subjects (78 male and 37 zygous for the A/G variation at nucleotide position −1438 (30 s at 95°C, 30 s at 61°C, and 60 s at 72°C for female, average age 45 ± 12 years) were selected from more than 700 individuals recruited from a local 35 cycles). Both the A and G variant of the 5-HT2A receptor gene promoter were ligated into the probranch of the National Blood Transfusion Service (Wales). Control subjects were matched to patients for moterless luciferase (luc+) expression vector pGL3 basic (Promega, Southampton, UK). All constructs sex, age (± 5 years) and ethnicity. All of the patients and controls were Caucasian, born in the United Kingused in this study were verified by restriction mapping and sequence analysis (30 s at 95°C, 30 s at 70°C for 30 dom. The control subjects were not specifically screened for schizophrenia, however it should be noted cycles; with primer 2a1/2a2 and RV primer 3 for pGL3). that individuals taking medication are excluded from donating blood by the Blood Transfusion Service.
Transfection and luciferase assay 5-HT2A-positive HeLa cells and 5-HT2A-negative SKMutation analysis of the promoter Mutation detection was based on the method of single N-SH neuroblastoma cells were grown in RPMI 1640 supplemented with 10% newborn calf serum at 37°C stranded conformational analysis (SSCP), originally described by Orita and colleagues. 15 PCR primers were in a humidified atmosphere at 5% CO 2 . The A/G variant-luc+ fusion contructs as well as basic and control designed to amplify the 1675 bp upstream from the start codon of exon 1 of the 5HT2A receptor gene 16 in constructs were transiently expressed in HeLa or SK-N-SH cells and luc+ gene expression was measured in eight overlapping amplimers (Table 1) . Following PCR amplification, 5 l of product was added to 7 l of comparison to the pGL3 basic and pGL3 control vec- 
tors. Transfection efficiency was assessed by co-transout using probes for 5HT2A (5′GGATTCTGGATGG CGACGTAGCGGTCCAGCGAG; 33 mer) and ␤-actin, a fection with the pSV-␤Gal (Promega). For transient expression, HeLa or SK-N-SH cells (2 × 105 structural gene used as an internal control (5′GCTCGCTCCAACCGACTGCTGTCACCTTCACCGTT cells/35 mm) were exposed for 24 h to 5 g of construct DNA complexed with 5 l of Transfectam lipofectin CC; 37 mer). The ratio of the intensity of the 5HT2A band to that of the ␤-actin band was calculated for reagent (Promega) in 5 ml of RPMI 1640. For induction of promoter activity 100 M forskolin or 1 M phorbol each sample. 13-myristate 12-acetate (PMA) was added. Cells were grown for an additional 24 h before harvest in 1 ml of
Statistical analysis
The transmission-disequilibrium test (TDT) 19 was used luciferase lysis buffer. Extracts were assayed for luciferase activity by addition of 10 l cell lysate to test for an association between schizophrenia and the T102C polymorphism. In the TDT, the allele transsamples at 15-s intervals to 100 l luciferin reagent. Chemiluminescence was counted for 15 s at a constant mitted by a parent to an affected offspring and the allele not transmitted by that parent to the same offtime (90 s) folowing reagent mixing in a liquid scintillation spectrometer. Results represent means ± s.d. for spring are treated as a matched case-control pair, and the resulting 2 × 2 table is analysed using a McNemar triplicate determinations. Luciferase activity is expressed as cpm g −1 protein.
test. An excess of a particular allele transmitted to affected offspring by heterozygous parents is taken as evidence of an association between the disease and that Expression of 5HT2A by T102C homozygotes Thirty unaffected individuals were genotyped for the allele. It has been noted 20 that applying the TDT to families where the parental marker data are incomplete, T102C polymorphism. Forty millilitres of blood were taken from seven individuals who were homozygous but the transmitted and non-transmitted alleles can be inferred, may bias the results. For this reason, our for allele 1 (T) and seven who were homozygous for allele 2 (C). Mononuclear blood cells were isolated analyses were restricted to families with both parents typed. We also tested whether the probability of transusing Ficoll Paque and total RNA prepared using the proprietary reagent 'Ultraspec'. Multiprobe Oligonumission in affected offspring depended upon the sex of the transmitting parent. In families where both parcleotide Solution Hybridisation (MOSH) 18 was carried ents and offspring were heterozygous it was not postailed P = 0.006) were observed to involve allele 2. The estimated relative risk for allele 2 was 1.84, with a 95% sible to determine which parent transmitted which allele. For this reason the total number of heterozygous confidence interval of (1.14, 3.04). Allele 2 was transmitted 20 out of 27 times from heterozygous mothers parents when the data were analysed separately by sex of parent did not equal the number of heterozygous ( 2 = 6.26, one-tailed P = 0.006), with an estimated relative risk of 2.86 (1.27, 7.28), and 18 out of 28 times parents when the data from both parents were analysed together. It has been shown 11 that, when the families from heterozygous fathers (McNemar chi-square = 2.29, one-tailed P = 0.065), with estimated relative risk 1.80 contain two or more affected offspring, the TDT provides a valid test of the null hypothesis of no linkage, (0.85, 4.05). There was no significant difference between heterozygous mothers and fathers in their but not that of no allelic association. This is because the marker alleles inherited by the affected offspring probability of transmitting a 2 allele to affected offspring ( 2 = 0.62, P = 0.43, two-tailed). from the parent(s) carrying the disease allele are not independent when the marker and disease loci are linked, even when there is no association between the (b) One affected offspring per family The transmitted and non-transmitted alleles for the whole sample, disease and any of the marker alleles in the population as a whole. We therefore selected one affected offspring maternal and paternal transmission are shown in Tables 5, 6 and 7. Allele 2 was transmitted 27 out of at random from each family and repeated the TDT analysis, in order to clarify whether a positive result 36 times from heterozygous parents ( 2 = 9, one-tailed P = 0.001), with a relative risk of 3.00 (1.47, 6.76). From obtained when all the affected offspring were analysed was due to an allelic association in the whole sample, heterozygous mothers, allele 2 was transmitted 12 out of 15 times ( 2 = 5.4, one-tailed P = 0.018), with a relaor due to linkage with a particular allele in the largest sibships. The chi-square goodness-of-fit test was used tive risk of 4.00 (1.27, 17.55), and from heterozygous fathers, allele 2 was transmitted 12 times out of 15 to test for association between the promoter and T102C polymorphisms. bases from the start codon of 5HT2A exon 1) as shown in Figure 1a . Sequencing of samples 1 and 2 detected (a) All affected offspring studied The transmitted and non-transmitted alleles for the sample as a whole, an A to G polymorphism at base position −1438 in sample 2. This creates a HpaII restriction site. RFLP genomaternal and paternal transmission are shown in Tables 2, 3 and 4. A significant excess ( 2 = 6.21, onetyping was carried out using primers 1F and 2R to = 2.24, P = 0.134 for controls). There was no evidence of any allelic or fragments of 223 and 245 bp when the A to G substitution was present at position −1438. The case/control genotypic association with this polymorphism and schizophrenia. Genotyping of part of this case/control samples were genotyped for this polymorphism (A-1438G). The frequency of allele 1 (A-1437) was 0.448 sample (80 cases and 67 controls) for the T102C polymorphism has been published previously, 2 the remainand 0.417 in the cases and controls respectively. The genotypes obtained did not differ significantly from der were typed for this study. The A-1438G polymorphism was found to be in complete linkage the expected under Hardy-Weinberg equilibrium following PCR amplification using primers 1F and 2R. The 468-bp product was cut into fragments of 227 and 241 bp except when there was a C to T substitution. The case/control sample was genotyped. The frequency of the rare −1420T allele was 0.087 and 0.078 in the cases and controls respectively. 
Functional analysis of A-1438G
In initial experiments, both the A and G variants demonstrated significant basal promoter activity in 5-HT2A-expressing HeLa cells, while the promoter activity of the two variants in 5-HT2A-negative SK-N-SH cells did not differ from controls. Comparison of the A and G promoter variants showed no significant differences in basal activity (67 ± 13 vs 64 ± 19 cpm g −1 protein, n.s., Student's t-test). Cyclic AMP-and protein kinase C-dependent mechanisms induced transcriptional activity in both variants of the 5-HT2A receptor promoter, but the increase following induction with forskolin (99 ± 21 vs 104 ± 17 cpm g −1 protein, n.s., one-way ANOVA followed by t-tests) or phorbol ester (102 ± 7 vs 95 ± 24, n.s.) did not differ between them.
Expression of 5HT2A by T102C homozygotes
No significant difference was found in 5HT2A expression by lymphocytes between allele 1 and allele 2 homozygotes: 5HT2A: ␤-actin ratio for homozygous 1.1; 1.23 ± 0.21, ratio for homozygous 2.2; 1.09 ± 0.14 (P = 0.371, Mann-Whitney analysis). 
Discussion
However, no support for this was obtained. disequilibrium with the T102C in both the cases and controls such that A-1438 was always found with T102
In our original case-control study the Cardiff subsample did not show an excess of allele 2 in patients, 2 and G-1438 with C102 ( 2 = 1247, P = 0). When the pattern of mobility shifts detected by SSCP in contrast to the results of the present study obtained using an intrafamilial design. This does not appear to analysis with primer set 2 was compared with the results of A-1438G genotyping, the results indicated be due to a difference in frequencies of allele 2 between the TDT probands (0.53) and the cases in the casethe likely presence of a further polymorphism (Figure 1b, samples 7 and 8) . Sequencing of sample 8 control study (0.56). However, there was a difference between the frequencies of allele 2 between the control revealed a C to T substitution at position −1421 bases from the start codon which abolishes a BsaJI restriction sample (0.59) and the parents of TDT probands (0.49), and this difference was statistically significant ( 2 = site. Genotyping of this polymorphism was carried out 4.5, d.f. = 1, P = 0.03), with the TDT parents showing a should also be interpreted cautiously, but it is concordant with other recent studies that have failed to demonlower frequency of allele 2. There are three possible explanations for this counter-intuitive observation.
strate an effect of T102C genotype on 5HT2A expression in the brains of both schizophrenics and First, it may simply be the result of sampling variance. Secondly, our population controls may have been controls. 22 However transcriptional regulation of the 5HT2A affected by stratification effects. However, this seems unlikely because the frequency of allele 2 observed in receptor gene is known to be notoriously complex, and downregulation can be demonstrated by both agonists this group fell within the range observed in other northern European control samples whereas that of the and antagonists. 23, 24 In addition there have been patterns of antagonist downregulation that have not been TDT parents did not.
2 A third possibility stems from the fact that the majority of trios were drawn from famshown in all 5HT2A-expressing cell lines, 25, 26 indicating that certain signal transduction pathways may not ilies with two or more cases of schizophrenia. The penetrance of allele 2 might be high in such families due exist in all cell types. It is therefore conceivable that further investigation into 5HT2A promoter functioning to the presence of other susceptibility genes. Correspondingly we would expect its frequency to be lower may be necessary before the relevance of this promoter polymorphism to the pathologenesis of schizophrenia in the TDT parents than in the general population since reproductive fitness is reduced in schizophrenia and can be dismissed. we have selected parents with more than one offspring. Whatever the explanation it is hard to see how the
